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Abstract
Suppose the postulate of measurement in quantum mechanics can be extended
to quantum field theory, then a local projective measurement at some moment
on an object locally coupled with a relativistic quantum field will result in a
projection or collapse of the wavefunctional of the combined system defined on
the whole time-slice associated with the very moment of the measurement, if
the relevant degrees of freedom have nonzero correlations. This implies that
the wavefunctionals in the same Hamiltonian system but defined in different
reference frames would collapse on different time-slices passing through the same
local event where the measurement was done. Are these post-measurement
states consistent with each other? We illustrate that the quantum states of the
Raine-Sciama-Grove detector-field system started with the same initial Gaussian
state defined on the same initial time-slice, then collapsed by the measurements
on the pointlike detectors on different time-slices in different frames, will evolve
to the same state of the combined system up to a coordinate transformation
when compared on the same final time-slice. Such consistency is guaranteed by
the spatial locality of interactions and the general covariance in a relativistic
system, together with the spatial locality of measurements and the linearity of
quantum dynamics in its quantum theory.
Keywords: quantum field theory in curved spacetime, relativistic quantum
information, nonequilibrium quantum field theory, quantum measurement
1. Introduction
Quantum nonlocality in quantum mechanics (QM) manifests when combin-
ing quantum entanglement of two or more parties with quantum measurement
on one of these parties. In the simplest scenario a quantum measurement locally
(in a subspace of the full Hilbert space) on one party of an entangled pair (say,
A and B) will lead to an instantaneous projection or collapse of the quantum
state of both parties such that the other party is also affected.
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The situation becomes more intriguing if we add the assumption that both A
and B are local in position space and they are separated at a distance. Then the
quantum state of B will be projected instantaneously by a local measurement
on A, no matter how far B is away from A [1]. While this appears to have some
kind of superluminal signal, causality will not be violated since no meaningful
information can be communicated using such an instantaneous wavefunction
collapse. Aharonov and Albert have further shown that indirect measurement
on quantum objects localized in space and time is consistent with relativistic
QM [2], where the measurement process has no covariant description in terms
of the time evolution of quantum states [3] and quantum states make sense only
within a given frame.
Nevertheless, local quantum objects such as atoms or charged particles are
inevitably coupled with quantum fields defined on the whole spacelike hypersur-
face (the time-slice) and evolving in time as the environment. If a relativistic
quantum field is involved in the system that we are looking at, will the above
scenario of wavefunction collapse still be consistent? Or more generally, is in-
stantaneous wavefunction collapse in a projective measurement local in position
space consistent with relativistic quantum field theory (RQFT)?
RQFT is very powerful in solving the scattering problem. In particle collid-
ers, measurements on an ensemble of particles are done in the huge detectors
surrounding the collision point, effectively in the future asymptotic region. So it
is sufficient to calculate the scattering amplitude between the in- and out-states
defined in past infinity and future infinity, respectively, where all particles are
free. This is called the “in-out” formalism, which gives the statistics of the
outgoing particles against the incoming particles [4]. Our questions raised here,
however, concern the single-shot projective measurements on a quantum field
at some moment in the interaction region rather than in the asymptotic region.
So we have to go beyond the “in-out” formalism to answer our questions.
One is tempted to generalize the indirect measurement scheme in [2] to
RQFT to study this issue. Nevertheless, there each indirect measurement pro-
cess is modeled by an interaction localized in space and time between a quan-
tum probe and the fields, and the projective measurements on the quantum
probes are still performed in the future asymptotic region (more discussion will
be given in Appendix A), while the wavefunction collapse we are looking at
is not described by any interaction Hamiltonian. Thus we turn to the stan-
dard Schro¨dinger picture of RQFT to watch the discontinuous and continuous
evolutions of the whole system [4], whose quantum state at each moment is
represented as the wavefunctional of the fields (and the sources, if any) living
on the whole associated time-slice. In this formalism one needs to specify an
initial state on the time-slice associated with some non-infinity initial moment
in some coordinate where the Hamiltonian is defined (we assume that it is al-
ways possible to prepare such an initial state), then the Schro¨dinger equation
will give the continuous evolution of the quantum state from the initial moment
and between the events of the projective measurement.
Suppose the postulate of the projective measurement in QM can be extended
to RQFT, then the wavefunctional of the fields on the whole time-slice would
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be collapsed by a measurement local in position space if the relevant degrees of
freedom have nonzero correlations. Since the dynamical variables of quantum
fields can be nonlocal in position space or separable in a quantum state, such a
scenario of local measurement must be carefully formulated. One simple way to
achieve this is by going back to the atom-field interacting system: to measure
an Unruh-DeWitt detector [7, 8, 5, 6] or similar object locally coupled with
quantum fields [2, 3, 9, 10], analogous to an optical system with a photodiode
coupled to EM field, as is described in our setup.
Below we are looking at, but not limited to, a detector model similar to
the Unruh-DeWitt detector theory. Before getting into detailed calculation,
in Section II we give an alternative frame in Minkowski space to make our
discussion more economic and precise. Then in Section III we introduce the
Raine-Sciama-Grove detector theory in (1+1)D Minkowski space as our toy
model. We perform explicit calculations for one-detector and two-detector cases
in Sections IV and V, respectively, then the results will be summarized in Section
VI. Finally, we compare our model with those in the indirect measurement
scheme in Appendix A, and apply an argument similar to that for our linear
toy model to nonlinear detector-field models in Appendix B.
2. An alternative frame in Minkowski space
It has been shown by Aharonov and Albert that, in relativistic QM, quantum
states in the non-asymptotic region defined on two different time-slices intersect-
ing at some spacetime points could be very different even for the sectors of the
dynamical variables defined right on the intersections of the two time-slices [3].
Thus in the interaction region one can compare two wavefunctionals of a field
defined in two different frames only if the whole time-slices that they are living
on are exactly the same.
Moreover, since the initial state of the detector-field system must be specified
on the whole fiducial time-slice associated with the initial moment, if this was
done by an observer1 at rest in Minkowski space but not in past infinity, for
an observer moving with constant velocity the initial data far enough from the
detectors will appear to be specified at some times after the measurement event
on the detector when the wavefunctional was collapsed (Figure 1 (Left)). To
avoid this situation and make the quantum states comparable, we have to go
beyond the linear Lorentz transformation and inertial frames.
A good example of the reference frame for our discussion is the following
1The “observer” here is in the sense of relativity, who is watching nonlocally the quantum
state of all the dynamical variables defined simultaneously on the whole time-slice associated
with each moment in the observer’s reference frame, but does not have to disturb it. It is not
as restrictive as the “observer” in QM, who performs measurements using specific operators
or measurement devices (pointers) operating on the quantum state to be observed. We say
that the measurement is “local” if the operations are local in Hilbert space and is “spatially
local” if the operations are local in position space.
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Figure 1: (Left) Time order of two spacelike separated measurement events MA and MB on
QA and QB, respectively, can be altered by a Lorentz transformation: MB is earlier than
MA in t, but later in t
′. Here the dotted lines denote the t-slices, while the dot-dashed line
is a constant t′ hypersurface. Note that the initial data of the quantum field on the dashed-
line part of the t0-slice appear to be specified after MA and MB for an inertial observer in
coordinate time t′. (Right) The alternative coordinates (η, ξ) given by (1) with A = 1/2 in
the t-x diagram of (1+1)D Minkowski space. The solid and dashed curves are constant η and
ξ hypersurfaces, respectively.
alternative coordinates in (1+1) dimensional Minkowski space,
η = t−A sin t cosx, ξ = x−A sinx cos t, (1)
with constant A < 1. Then ds2 = −dt2 + dx2 = Ω(η, ξ) (−dη2 + dξ2), where
Ω(η, ξ) = (1 − 2A cos t cosx + A2 cos(t + x) cos(t − x))−1 with t = t(η, ξ) and
x = x(η, ξ) according to (1). Here η-slices and t-slices will overlap at t = η = nπ
with integer n, where quantum states can be compared. Off those moments,
η-slices are the wavy ones in Figure 1 (Right), where t-slices would be the
horizontal straight lines.
Now the questions can be put more precisely. Suppose a pointlike detector
coupled with a quantum field is located at x = 0 and started at its proper
time τ = t = 0. If a local measurement is done on the detector at some
moment 0 < t1 < π, then which time-slice, a t1-slice or an η1-slice (η1 ≡ η(t1)),
will the wavefunctional of the combined system collapse on? If both collapses
occur for different observers, will the two post-measurement states (PMS) be
“identical”? What happens if two measurement events on two detectors are
spacelike separated?
3. Detectors in a quantum field
To answer these questions, let us consider one or more pointlike Raine-
Sciama-Grove(RSG) detectors [11] coupled to a massless scalar field in (1+1)D
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Minkowski space, described by the action
S = −1
2
∫
d2x
√−g∂αΦ∂αΦ +
∑
d
{
1
2
∫
dτd
[
(∂dQd)
2 − ω2dQ2d
]
+
λ
∫
dτd∂dQd
∫
d2xΦ(x0, x1)δ2(xα − zαd(τd))
}
, (2)
where α = 0 or 1, g is the determinant of the metric tensor gαβ of the background
spacetime, Φ is a massless scalar field, Qd is the internal degree of freedom
acting like a harmonic oscillator (HO) in the detector d with d = A for the
one-detector case, d = A,B for the two-detector case, and also τ
d
and zα
d
(τ
d
)
are the proper time and the prescribed trajectory of the detector d, respectively,
and ∂
d
≡ d/dτ
d
. The momenta conjugate to Q
d
and Φ read
P
d
(τd(x
0)) =
δS
δ∂0Qd
= v0
d
(
x0
)
∂0Qd
(
τ
d
(x0)
)
+ λΦ
(
x0, z1
d
(x0)
)
,
Π(x0, x1) =
δS
δ∂0Φ(x0, x1)
= −√−g∂0Φ(x0, x1), (3)
where v0
d
= dz0
d
/dτ
d
. Then one can write down the Hamiltonian
H(x0) =
∑
d
1
2v0
d
(x0)
{[
P
d
(τd(x
0))− λΦz1
d
(x0)(x
0)
]2
+ ω2
d
Q2
d
(τ
d
(x0))
}
+
1
2
∫
dx1
√−g
{
−1
g00
[
Πx1(x
0)√−g + g
01∂1Φx1(x
0)
]2
+ g11
[
∂1Φx1(x
0)
]2}
, (4)
parameterized by the time variable x0 of the observer’s frame and defined on the
whole time-slice x1 ∈ R associated with that time. Solutions of the Schro¨dinger
equation with the quantized Hamiltonian with P
d
→ Pˆ
d
= h¯∂/i∂Q
d
and
Π
x1
→ Πˆ
x1
= h¯δ/iδΦ
x1
are the wavefunctionals of the detectors and the field
ψ[Q
d
,Φx1 ;x
0].
Suppose that at t0 = η0 = 0 (when τd ≡ 0 for all detectors) the combined
system of the detectors and the field is initially in a Gaussian state, which could
be pure or mixed (e.g. the direct product of the ground states of the detectors
and the Minkowski vacuum of the field.) Then the quantum state will always be
Gaussian by virtue of the linearity of the system. Since the explicit form of the
wavefunctional ψ or the density matrix ρ¯[(Q
d
,Φx1), (Q
′
d
,Φ′x1);x
0] is not quite
simple enough to be solved directly, we will work with the equivalent Gaussian
state in the (K,∆)-representation of the density matrix [12], which is the double
Fourier transform of the conventional Wigner functional:
ρ[K,∆;x0] =
∫
DΣe ih¯K·Σρ¯
[
Σ− ∆
2
,Σ+
∆
2
;x0
]
= exp− 1
2h¯2
[
KµQµν(x0)Kν − 2∆µRµν(x0)Kν +∆µPµν(x0)∆ν
]
, (5)
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where DeWitt notation has been used, µ, ν ∈ {d}∪{x1} run over all the detector
and field degrees of freedom defined on the whole time-slice, and the time-
dependent factors Qµν(x0), Pµν(x0), and Rµν(x0) are actually the symmetric
two-point correlators 〈A,B〉 ≡ 〈AB+BA〉/2 evaluated on the x0-slice, for they
are obtained from
〈Φˆµ, Φˆν〉 =
h¯δ
iδKµ
h¯δ
iδKν
ρ[K,∆;x0]
∣∣∣∣
∆=K=0
= Qµν ,
〈Πˆµ, Πˆν〉 =
ih¯δ
δ∆µ
ih¯δ
δ∆ν
ρ[K,∆]
∣∣∣∣
∆=K=0
= Pµν ,
〈Πˆµ, Φˆν〉 =
ih¯δ
δ∆µ
h¯δ
iδKν
ρ[K,∆]
∣∣∣∣
∆=K=0
= Rµν , (6)
where we denote Qˆd and Pˆd by Φˆd and Πˆd, respectively. Thus, looking at the
evolution of the Gaussian state (5) is equivalent to looking at the dynamics of
those symmetric two-point correlators, which would be obtained more easily in
the Heisenberg picture.
The Heisenberg equations of motion for the operators Qˆ
d
and Φˆ(x1) read
∂
d
Qˆ
d
(τ
d
) + ω2
d
Qˆ
d
(τ
d
) = −λ∂
d
Φˆ(zα
d
(τ
d
)), (7)
√−g✷Φˆ(xα) = λ
∑
d
∫
dτ
d
∂
d
Qˆ
d
δ2 (xα − zα
d
(τ
d
)) (8)
where ✷ ≡ √−g−1∂α√−ggαβ∂β. By virtue of the linearity of the system,
operators at each moment are linear combinations of the operators defined at
the initial moment [5]:
Qˆ
d
(τ
d
) =
∑
d′
[
φd
′
d
(τ
d
)Qˆ
[0]
d′
+ fd
′
d
(τ
d
)Pˆ
[0]
d′
]
+
∫
dy
[
φy
d
(τd)Φˆ
[0]
y + f
y
d
(τd)Πˆ
[0]
y
]
, (9)
Φˆx1(x
0) =
∑
d′
[
φd
′
x1(x
0)Qˆ
[0]
d′
+ fd
′
x1 (x
0)Pˆ
[0]
d′
]
+
∫
dy
[
φy
x1
(x0)Φˆ[0]y + f
y
x1
(x0)Πˆ[0]y
]
, (10)
from which Pˆ
d
(τd) and Πˆx1(x
0) can be derived according to (3). Here Oˆ[n]µ ≡
Oˆµ(tn) and all the “mode functions” φµν (x0) and fµν (x0) are real functions of
time, which can be related to those in k-space in [5] (with different initial con-
ditions, though.) Inserting the above expansions into (8), one has
√−g✷φµ
x1
(x0) = λ
∑
d
∫
dτd∂dφ
µ
d
δ2 (xα − zαd(τd)) , (11)
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which gives φµ
x1
(x0) = φ
µ(0)
x1
(x0)+φ
µ(1)
x1
(x0) where, for proper initial conditions,
the homogeneous solutions are
φ
d(0)
x1
(x0) = 0, (12)
φ
y1(0)
x1
(T ) =
∫
dk
2π
eik(x
1−y1) cosωkT
=
1
2
[
δ(x1 − y1 + T ) + δ(x1 − y1 − T )] , (13)
with ωk = |k|, while the inhomogeneous solutions read
φ
µ(1)
x1
(x0) =
∑
d
λ
∫ ∞
0
dτdGret(x
α; zαd(τd))∂dφ
µ
d
(τd) (14)
with the retarded Green’s function for the massless scalar field in (1+1)D,
Gret (t, x; t
′, x′) = θ [t+ x− (t′ + x′)] θ [t− x− (t′ − x′)] /2 in the t-x frame.
Now φ
y1(0)
x1
(x0) can be interpreted as vacuum fluctuations of the field propa-
gating from (0, y1) to (x0, x1), while φ
µ(1)
x1
(x0) behave like retarded relativistic
fields sourced by the pointlike detectors φµ
d
(τ
d
). Inserting the solutions of φµ
x1
into (7), one obtains(
∂2
d
+ 2γ∂d + ω
2
d
)
φµ
d
(τ
d
) = −λ∂
d
φ
µ(0)
z1
d
(τ
d
)
(
z0
d
(τ
d
)
)−
4γ∂d
∑
d′ 6=d
∫ ∞
0
dτd′Gret (z
α
d(τd); z
α
d′(τd′)) ∂d′φ
µ
d′
(τd′) (15)
with γ ≡ λ2/4. For the cases with a single detector, the right hand side of (15)
for φd
′
d
is simply zero. From the equations of motion (15) one learns that φd
′
d
behave like damped HOs, while φy
1
d
behave like damped HOs driven by vacuum
fluctuations of the field φ
y1(0)
z1
d
(τ
d
)
at the position of the detector. Both are living
in the pointlike detectors and not extended in space. Both would also be driven
by retarded mutual influences from the other detectors, if the last term of (15)
is non-vanishing. In Figure 2 these mode functions are represented in diagrams.
4. One-detector case
Suppose an RSG detector (detector A) is at rest in Minkowski space with
the worldline zαA = (t, 0) in the t-x frame and (η, 0) in the η-ξ frame, and the
detector-field system is initially in a Gaussian state at t = η = 0. Suppose
a Gaussian measurement is done on detector A at t = t1 ∈ (0, π) when the
quantum state on the t1-slice collapses to
ρ˜ = ρA ⊗ ρA¯, (16)
for the observer in the t-x frame, such that
ρA = exp−
1
4h¯
[
gA
(
∆A
)2
+
1
gA
(
KA
)2]
(17)
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Figure 2: The diagrams in the upper row represent the mode functions of the oscillators inside
the detector, (from left to right) φ
A[20]
A
, φ
A[21]
A
, and φ
x
′[20]
A
, which generate the retarded fields
φ
A[20]
x , φ
A[21]
x , and φ
x
′(1)[20]
x through (11) and (14) represented in the diagrams from left
to right in the lower row, respectively. Here the gray horizontal lines denote the t-slices at
t = η = 0, t = t1 = pi/2, and t = t2 = η2 = pi, the dashed wavy lines are η-slices with
η = η1 = (pi − 1)/2 (here we choose A = 1/2 in (1)), and the dotted vertical lines are the
worldlines of detector A at x = ξ = 0. All the above mode functions are independent of
the data on the t1- or η1-slices except those right at the position of the pointlike detector
(t, x) = (pi/2, 0) where the local measurement was done. The long-dashed lines in the two
plots for φ
x
′[20]
A
(upper right) and φ
x
′(1)[20]
x (lower right) denote the vacuum fluctuations
started from x = x′ at t = 0 (cf. (13)).
is a Gaussian state of detector A with 〈(Qˆ[1]A )2〉1 = h¯gA/2, 〈(Pˆ [1]A )2〉1 = h¯/2gA,
and 〈Qˆ[1]A , Pˆ [1]A 〉1 = 0 with some constant gA. Here 〈 〉n denotes the expectation
values taken from the quantum state right after t = tn. From (17) one obtains
ρ
A¯
= N
∫
dKAd∆A
2πh¯
ρ∗A · ρ[K,∆; t1]
= exp− 1
2h¯2
[
K µ¯Q˜µ¯ν¯K ν¯ − 2∆µ¯R˜µ¯ν¯K ν¯ +∆µ¯P˜µ¯ν¯∆ν¯
]
, (18)
for the rest of the system. Here N is the normalization factor, µ¯, ν¯ ∈ {x} ∪
{d} − {A}, Q˜µ¯ν¯ = 〈Φˆ[1]µ¯ , Φˆ[1]ν¯ 〉1, R˜µ¯ν¯ = 〈Φˆ[1]µ¯ , Πˆ[1]ν¯ 〉1, and P˜µ¯ν¯ = 〈Πˆ[1]µ¯ , Πˆ[1]ν¯ 〉1,
where
〈Θˆ[1]µ¯ ,Θˆ[1]ν¯ 〉1 = 〈Θˆ[10]µ¯ , Θˆ[10]ν¯ 〉0 +
I
[1,0]
A (Θˆ
[10]
µ¯ , Θˆ
[10]
ν¯ )
J
[1,0]
A
. (19)
with Θ = Φ or Π, O[ns]µ ≡ Oµ(tn − ts), and
I
[n,s]
d
(
Oˆ, Oˆ′
)
≡
−〈Oˆ,Qˆ[ns]d 〉s〈Oˆ′,Qˆ[ns]d 〉sℓ[1,0]d − 〈Oˆ,Pˆ [ns]d 〉s〈Oˆ′,Pˆ [ns]d 〉sℓ¯[1,0]d
+〈Qˆ[ns]
d , Pˆ
[ns]
d
〉s
[
〈Oˆ,Qˆ[ns]d 〉s〈Oˆ′,Pˆ [ns]d 〉s + (Oˆ ↔ Oˆ′)
]
, (20)
with ℓ
[1,0]
d
≡ 〈(Qˆ[1]
d
)2〉1+〈(Pˆ [10]d )2〉0, ℓ¯[1,0]d ≡ 〈(Pˆ [1]d )2〉1+ 〈(Qˆ[10]d )2〉0, and J [n,s]d ≡
ℓ
[n,s]
d
ℓ¯
[n,s]
d
− 〈Qˆ[ns]
d , Pˆ
[ns]
d
〉2s. For the observer in the η-ξ frame, according to the
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postulate of the projective measurement in that frame, we assume that a similar
projection occurs but the wavefunctional collapses on the η1-slice instead. So
the PMS and the factors therein have the same form as the above ones in the t-x
frame except that the correlators are evaluated in the η-ξ frame. Then, starting
at t1 and η1, both the PMS in the t-x frame and the PMS in the η-ξ frame
evolve to t2 = π = η2, when t and η-slices overlap and two observers can make
a comparison on these two quantum states.
In the conventional (t, x) coordinates of Minkowski space, the two-point cor-
relators at t2 determining the wavefunctional can be expressed as combinations
of the mode functions evolving from t1 to t2, together with the initial data on
the t1-slice in the form of the correlators of the field at space points on the slice,
e.g. from (9) and (10),
Q˜xy(t2) = 〈Φˆ[2]x , Φˆ[2]y 〉2 = TrΦˆ[21]x Φˆ[21]y ρ˜
∼
∫
dx′dy′φx
′[21]
x φ
y′[21]
y 〈Φˆ[1]x′ , Φˆ[1]y′ 〉1 + · · · , (21)
where x′ and y′ are points on the t1-slice. Apparently 〈Φˆ[1]x′ , Φˆ[1]y′ 〉1 depends on
the data on the t1-slice, and as mentioned below (11), φ
x′[21]
x is a superposition of
vacuum fluctuations φ
x′(0)[21]
x propagating from the point (t1, x
′) on the t1-slice
to (t2, x) and the retarded field φ
x′(1)[21]
x sourced by the pointlike detector driven
by vacuum fluctuations from the t1-slice. On the other hand, in the alternative
coordinates (η, ξ), the form of the correlator is similar to (21), except that the
dependence is on the η1-slice. So here the two-point correlators, or equivalently,
the wavefunctionals at t2 = η2, appear to depend on the time-slicing scheme.
Nevertheless, by comparing the expansions (9) and (10) of two equivalent
evolutions without considering any measurement: one from t0 to t1 then from
t1 to t2, the other from t0 all the way to t2, one can see that the mode functions
have the following identities,
φµ[20]ν = φ
σ[21]
ν φ
µ[10]
σ + f
σ[21]
ν π
µ[10]
σ , (22)
fµ[20]ν = φ
σ[21]
ν f
µ[10]
σ + f
σ[21]
ν p
µ[10]
σ (23)
where DeWitt notation is understood, πµ
d
(τ
d
(t)) ≡ ∂
d
φµ
d
(τ
d
(t)) + λφµ
x1
d
(t)
(t),
πµx (t) ≡ ∂tφµx(t), pµd(τd(t)) ≡ ∂dfµd (τd(t)) + λfµx1
d
(t)
(t) and pµx(t) ≡ ∂tfµx (t) with
µ, ν, σ ∈ {d} ∪ {x1} according to (3). Similar identities for πµν and pµν can be
derived straightforwardly from (22) and (23). Such identities can be interpreted
as the Huygens principle of the mode functions, and can be verified by inserting
particular solutions of the mode functions into the identities.
The dependence of the t1-slice in (21) turns out to be removable by express-
ing the 〈. . .〉1 correlators as (19) with (9) and (10) inserted, then using (22),
(23) and similar identities for πµν and p
µ
ν to replace the
∫
dx′ and
∫
dy′ terms to
reach
Q˜xy(t2) = h¯
2
gAφ
A[21]
x φ
A[21]
y +
h¯
2gA
fA[21]x f
A[21]
y
9
+〈Υˆ[0]x , Υˆ[0]y 〉0 +
1
J
[1,0]
A
I
[1,0]
A
(
Υˆ[0]x , Υˆ
[0]
y
)
(24)
where
Υˆ[0]x ≡ Φˆ[0]µ
(
φµ[20]x − φA[21]x φµ[10]A − fA[21]x πµ[10]A
)
+
Πˆ[0]µ
(
fµ[20]x − φA[21]x fµ[10]A − fA[21]x pµ[10]A
)
. (25)
Then all the two-point correlators, and therefore the (K,∆)-representation of
the quantum state on the t2-slice, end up with functionals of F
µ[20]
x , F
A[21]
x ,
F
µ[20]
A , F
µ[10]
A , F
A[21]
A with F = φ, f, π, p, and the initial data in the two-point
correlators evaluated at t0.
The quantum state at η2 in the η-ξ frame has exactly the same functional
form. Now F
µ[20]
A , F
µ[10]
A , and F
A[21]
A are HOs in the pointlike detector, F
A[21]
x
and F
A[20]
x are retarded fields sourced from the detector, while F
x′[20]
x are su-
perpositions of vacuum fluctuations and retarded fields, as indicated from (11)
to (15). All of them are explicitly covariant and independent of the data on
the t1- or η1-slice outside the detector (see Figure 2). Thus the quantum states
collapsed in two different frames are identical up to a coordinate transformation
when compared on the same time-slice at t2 = η2 = π.
The case with two successive projective measurements on a detector at t = t1
and t2, 0 < t1 < t2 < t3 = π has also been calculated. The two-point correlators
at t3 can similarly be written in functionals of the covariant functions F
x′[30]
x ,
F
x′[m0]
A , F
A[3n]
x , F
A[mn]
A with 3 ≥ m > n ≥ 0, and the initial data at t0. They
are independent of the data on t1-, η1-, t2-, or η2-slice outside the detector,
so the quantum state at t3 is still independent of the time-slices on which the
wavefunctional collapsed. It is straightforward to generalize this result to the
cases with many successive projective measurements on the detector.
5. Two-detector case
Now consider the case with two spatially separated detectors. For simplicity,
QA is put at x = −π and QB at x = 0, so both are at rest in the t-x and η-
ξ frames. Suppose a local measurement like (16) is done on QA at t1 and
η1 = t1 + A sin t1, and a similar local measurement on QB at t2 > t1 but
η2 = t2 −A sin t2 < η1: the two measurement events are spacelike separated, so
the time order of these two events can be altered. In this case, the two-point
functions at t3 = η3 = π can still be written in functionals independent of the
data on the t1-, η1-, t2-, or η2-slice outside the detectors. For example, in the
t-x frame,
Q˜xy(t3) = 〈Φˆ[3]x , Φˆ[3]y 〉3
=
h¯
2
gBφ
B[32]
x φ
B[32]
y +
h¯
2gB
fB[32]x f
B[32]
y +
h¯
2
gAφ
A[31]
x φ
A[31]
y +
h¯
2gA
fA[31]x f
A[31]
y
10
+〈Υˆ[0]x , Υˆ[0]y 〉0 +
1
J
[1,0]
A
I
[1,0]
A
(
Υˆ[0]x , Υˆ
[0]
y
)
+
1
J
[2,1]
B
I
[2,1]
B
(
Υˆ[1]x , Υˆ
[1]
y
)
, (26)
with Υˆ
[n]
x ≡ Φˆ[n]µ φ˜µ[3n]x + Πˆ[n]µ f˜µ[3n]x and
φ˜µ[30]x ≡ φµ[30]x − φA[31]x φµ[10]A − fA[31]x πµ[10]A − φB[32]x φµ[20]B − fB[32]x πµ[20]B , (27)
f˜µ[30]x ≡ fµ[30]x − φA[31]x fµ[10]A − fA[31]x pµ[10]A − φB[32]x fµ[20]B − fB[32]x pµ[20]B , (28)
φ˜µ[31]x ≡ φµ[31]x − φB[32]x φµ[21]B − fB[32]x πµ[21]B , (29)
f˜µ[31]x ≡ fµ[31]x − φB[32]x fµ[21]B − fB[32]x pµ[21]B . (30)
On expressing all the correlators 〈. . .〉1 in J [2,1]B and I [2,1]B in terms of 〈. . .〉0
with the help of (19), both J
[2,1]
B and I
[2,1]
B (Υˆ
[1]
x , Υˆ
[1]
y ) will become functionals
of F˜
µ[30]
x , F
µ[20]
B , and the correlators evaluated on the initial time-slice. So the
final expression for the wavefunctional at t3 depends only on the covariant mode
functions corresponding to the HOs in the detectors, the retarded fields sourced
by detectors A and B, vacuum fluctuations, as well as the initial data on the
t0-slice. Further, using computer algebra it is straightforward to verify that
whenever the retarded mutual influence F
A[21]
B is zero, I
[1,2]
A (Υˆ
[2]
ξ , Υˆ
[2]
ξ′ )/J
[1,2]
A +
I
[2,0]
B (Υˆ
[0]
ξ , Υˆ
[0]
ξ′ )/J
[2,0]
B obtained in the η-ξ frame has the same functional form of
the mode functions and correlators as I
[1,0]
A (Υˆ
[0]
x , Υˆ
[0]
y )/J
[1,0]
A +I
[2,1]
B (Υˆ
[1]
x , Υˆ
[1]
y )/J
[2,1]
B
in the t-x frame. Thus the time order of the spacelike separated measurement
events does not matter. The wavefunctionals collapsed in two different frames
are identical at t3 = η3 = π up to a coordinate transformation.
If the two measurement events are timelike separated, however, different
observers in different frames will recognize the same time order of the two events.
In this case the retarded mutual influences will come into play, so the resulting
PMS will be different from those in the reversed time order, while the consistency
of quantum states at the final time-slice is obvious when one knows the results
for the previous cases.
6. Summary and Discussion
In all of the above simple cases, we found that the quantum states of the
RSG detector-field system started with the same initial state defined on the
same fiducial time-slice, then collapsed on different time-slices in different ref-
erence frames by one or two measurements on the pointlike detectors, perhaps
in different time-orders provided the measurement events are spacelike sepa-
rated, will evolve to the same state of the combined system up to a coordinate
transformation when compared on the same final time-slice.
Our analysis is actually independent of any specific choice of coordinates for
the spacetime between the initial and final time-slices or any specific property
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of the field theories in (1+1)D such as conformal symmetry2, and the identities
interpreted as the Huygens principle for the mode functions such as (22) are
consequences of the linearity of quantum theory and independent of the details
of the initial state. Thus our calculations for the Gaussian states of the com-
bined system with one or two detectors collapsed by one or two spatially local
measurements in (1+1)D Minkowski space can be generalized straightforwardly
to the cases with more detectors, more measurement events, and more general
states, in higher dimensions.
While we took advantage of the linearity of our model to perform explicit
calculations, the consistency observed here is actually more generic in RQFT. In
Appendix B a similar argument has been applied to the detector-field systems
with nonlinear, spatially local interactions. One can see that the multi-point
correlators of the combined system evaluated on the final time-slice are still in-
dependent of the data on the time-slice outside the detector at the moment of
the measurement on the detector. So the quantum states in these nonlinear local
detector-field theories started with the same initial state and then collapsed by
the same spatially local projective measurements in different reference frames
will be consistent with each other when compared on the same final time-slice.
The spatial locality of interactions (which can be linear or nonlinear) and the
general covariance in a relativistic system, together with the linearity of quan-
tum dynamics and the spatial locality of quantum measurements in its quantum
theory, guarantee this consistency.
Acknowledgment The author thanks Bei-Lok Hu for illuminating discussions
and Lajos Dio´si for helpful comments. This work was supported by the NSC
Taiwan under the grant 99-2112-M-018-001-MY3 and in part by the National
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Appendix A. Comparison with the indirect measurement scheme
In the indirect measurement scheme for relativistic quantum systems [2, 9,
10], there is no projective measurement between the initial and final time-slices.
Instead, a measurement event is modeled by linearly coupling, and so entangling,
a quantum probe or device locally in space and time with the field to be observed.
Each local coupling process is described by an interaction Hamiltonian with a
compact support localized in spacetime between the initial and final time-slices.
After all these couplings or interactions have been finished, a set of the projective
measurements on the quantum probes will be performed on the final time-slice
associated with some moment essentially in the asymptotic region.
In contrast, the RSG detectors and the field in our model are interacting
continuously at all times, and the projective measurements on the detectors, if
2In higher dimensional spacetimes, the calculations are similar except that the Green’s
functions of the field could be singular in the coincidence limit, so when a pointlike detector
is coupled to the field, one has to introduce some cutoffs and truncations to regularize the
divergences, and some parameters of the detectors will have to be renormalized [5].
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any, will be performed at some moments between the initial and final time-slices,
which will always be in the interaction region. Then we compare the quantum
states of the combined system in different frames on the same final time-slice,
still in the interaction region, without any further projective measurement there.
Appendix A.1. Reference frames and quantum states without projective mea-
surement
In [3] Aharonov and Albert concluded that there is no covariant description
of measurement in terms of time evolution of quantum states when the whole
time-slice which the quantum state is defined on is not in the asymptotic region
where all interactions have been finished. In the simplest case that they consid-
ered with no wavefunction collapse between the initial and the final time-slices,
they have found that quantum states have to be parameterized by many local
times if the system consists of many local quantum objects. Dio´si pointed out
that in this case it would be simpler to describe such processes using Heisen-
berg operators, which are naturally covariant in a relativistic model [10]. In our
model (2) and other linear detector theories, this can be understood as follows.
A quantum state in the Schro¨dinger picture for our model is represented as
a wavefunctional consisting of the dynamical variables (Qd, Pd, Φx, and Πx,
or equivalently, Kµ and ∆µ in (5) in the (K,∆)-representation) and the time-
dependent factors. The latter can be expressed as combinations of the correla-
tors of the dynamical variables (for Gaussian states, only two-point correlators
are involved; see (5), and also see [6] for the conventional Wigner functionals.)
Without any projective measurement, the form of these combinations of the
correlators will remain unchanged from the initial all the way to the final time-
slices, while the time dependence of the factors is due to the evolving correlators
of the corresponding time-dependent, covariant operators with respect to the
initial state of the combined system in the Heisenberg picture. Here the time
evolution of those covariant operators (or equivalently, the mode functions in
Section 3 in our linear system) are governed by the Heisenberg equations of
motion, which are also covariant in a relativistic system with a well defined
Hamiltonian. The evolutions of the operators corresponding to the dynamical
variables local in position space, such as Qd and Pd living inside the pointlike
detectors, are naturally parameterized by their own proper times, like those in
(7).
Suppose the time evolutions of all the operators have been solved. In a
given reference frame started with some initial time-slice, the quantum state on
a time-slice associated with some moment in this frame is obtained by inserting
the operators for the dynamical variables on that time-slice into the correlators
composing the time-dependent factors in the wavefunctional. For the dynamical
variables local in position space (Qd, Pd, Φx, and Πx) those operators are the
ones with their own proper times or coordinate times at the intersections of their
world lines and the time-slice that the correlators are evaluated on. Different
frames have different time-slicing schemes, so the histories of the wavefunctionals
in different frames can be very different, though the history of each operator
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corresponding to a spatially local dynamical variable is uniquely determined by
the covariant Heisenberg equations of motion [13].
Note that the above argument is not restricted to just the indirect measure-
ment scheme, but is valid for all relativistic systems with well defined Hamiltoni-
ans without any projective measurement between the initial and final time-slices.
The only thing special to the indirect measurement scheme is that all the cou-
plings will eventually be turned off, then a set of the projective measurements
will be performed on the quantum probes or devices on some final time-slice
in the future asymptotic region. It is obvious that, if the covariant interaction
Hamiltonians describing two individual local “measurement events” (entangle-
ment processes, actually) in the indirect measurement scheme commute, then
the time order of these events being possibly different in different frames will not
matter and the quantum states will be consistent when compared on the same
final time-slice in different frames in the future asymptotic region [2, 9]. This is
guaranteed by the covariance of the operator histories and the form-invariance
of the time-dependent factors in terms of the correlators in a quantum state
never being projected.
If there is a projective measurement performed at some moment during the
evolution of a detector-field system in the interaction region, however, the de-
pendence on the correlators of the time-dependent factors in the wavefunctional
of the whole detector-field system will be suddenly changed like (19), so the
argument in this subsection will not be valid.
Appendix A.2. Joint probability and reduced state of the detectors
Suppose each quantum device in the indirect measurement scheme is as-
sociated with a pointlike object in space so that the dynamics of the device
can be parameterized in its proper time, which is invariant under coordinate
transformations. Following [10], suppose the device-field system is started with
the initial state |D1〉 ⊗ |D2〉 ⊗ · · · |DN 〉 ⊗ |ψin〉 defined on the initial time-slice
in some reference frame, where |Dn〉 is a Gaussian state of the n-th device
and |ψin〉 is the initial state of the field. Right after all the local device-
field interactions are finished, say, at t1 in this frame, the device-field sys-
tem evolves into an entangled state of the devices and the field, denoted by
|D′1, D′2, . . . , D′N , ψout; t1〉. While there is no device-field or device-device cou-
pling after t1, the backreactions from the devices to the field will keep evolving
in the field sector, and so do the quantum state of the combined system as well
as the correlations between the devices and the field. After some time a set
of the local projective measurements on all the devices are performed simulta-
neously on some final time-slice associated with, say, t2 in the same reference
frame (t2 > t1) with the outcomes {p¯f1 , p¯f2 , . . . , p¯fN}, then the post-measurement
state of the combined system becomes | p¯f1 〉 ⊗ | p¯f2〉 ⊗ · · · | p¯fN 〉 ⊗ N |ψfinal〉
with the normalization factor N and the un-normalized final state of the field
|ψfinal〉 =
(∏
n〈p¯fn |
) |D′1, D′2, . . . , D′N , ψout; t2〉 defined on the time-slice associ-
ated with t2. The joint probability of the set of the outcomes {p¯f1 , p¯f2 , . . . , p¯fN}
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is proportional to the squared norm of |ψfinal〉, namely,
w(p¯f1 , p¯
f
2 , . . . , p¯
f
N ) ∝ 〈ψfinal|ψfinal〉 = TrΦx |ψfinal〉〈ψfinal|
=
(∏
n
〈p¯fn|
)
ρoutD (t2)
(∏
n′
|p¯fn′〉
)
. (A.1)
where the reduced state of the devices is given by
ρoutD (t2) ≡ TrΦx |D′1, D′2, . . . , D′N , ψout; t2〉〈D′1, D′2, . . . , D′N , ψout; t2|. (A.2)
Thus the joint probability w(p¯f1 , p¯
f
2 , . . . , p¯
f
N ) taken at t2 corresponds to the re-
duced state of the devices right before the projective measurements, ρoutD (t2),
where the field operators defined on the time-slice associated with t2 are traced
out (or coarse-grained). By measuring the devices in an ensemble of many copies
of the state |D′1, D′2, . . . , D′N , ψout; t2〉, one could reconstruct the reduced state
ρoutD (t2) of the device, rather than the quantum state of the field or the com-
bined system, using the outcomes of the measurements. Here the choice of the
final time-slice actually specifies a class of reference frames with all kinds of the
final time-slices intersecting the same set of the projective measurement events
localized in spacetime. The reduced states of the devices ρoutD right before the
projective measurements in all the reference frames in this particular class are
the same.
Similarly, since the harmonic oscillators in the pointlike RSG detectors in
our model are scalars parameterized in their proper times, the outcomes of
the projective measurements on the detectors are automatically invariant un-
der coordinate transformations. If the projective measurement events on the
detectors are spacelike distributed on a time-slice in some reference frame, the
outcomes of the measurements on an ensemble of many copies of the quantum
state of the combined system will correspond to the joint probability as well
as the reduced state of the detectors defined on that time-slice. This reduced
state of the detectors is identical to all those observed in a class of reference
frames in which each frame has a time-slice simultaneously intersecting all the
projective measurement events. Indeed, in our model, the Gaussian reduced
state of the detectors at some moment x0 > 0 in some reference frame without
any projective measurement between t = η = 0 and x0 reads
ρD[K
d,∆d;x0] = exp
{
− 1
2h¯2
×
∑
d,d′
[
KdQdd′(x0)Kd′ − 2∆dRdd′(x0)Kd′ +∆dPdd′(x0)∆d′
]
 ,(A.3)
where d and d′ run over all the detectors, and the factors Qdd′ , Rdd′ , and
Pdd′ are the symmetric two-point correlators of the detectors Tr[{Rd(τd(x0)),
R
d′
(τ
d′
(x0))}ρ(0)] with R = Q,P (cf. (5)). From (9), (13) and (15) one can
see that only the operators in the past lightcones of the measurement events are
15
relevant in ρD[K
d,∆d;x0], so the reduced state of the detectors is independent
of the choice of the time-slice outside the measurement events.
In contrast to the detector sector, the field sector of the collapsed or projected
state of the combined system (e.g. the |ψfinal〉 above) defined on different time-
slices passing through the same set of events of the projective measurements on
the devices or the detectors can appear very differently but cannot be compared
directly. Nevertheless, our result in this paper implies that if these collapsed
states can be compared later on some time-slice in common in those different
frames, they will be identical to each other up to a coordinate transformation.
Note that in the position space representation of the field, each field ampli-
tude defined at a space point corresponds to one degree of freedom, and there
are infinitely many degrees of freedom for the field, as many as the number of
the space points in the universe. It is impossible to obtain the full information
of the field through finitely many measurement events on a finite number of
the devices or the detectors. So our result in this paper on the consistency of
the quantum state of the whole detector-field system is certainly stronger then
those on the reduced state of the detectors.
Appendix B. Local measurement in nonlinear detector-field theories
A similar argument can be applied to the nonlinear detector-field theories
where all the detector-field and field-field couplings are spatially local. Here we
illustrate the single-detector case with one measurement on the detector. The
more general cases are straightforward.
Let (ΘˆA, ΘˆA∗ , Θˆx, Θˆx∗) ≡ (QˆA, PˆA, Φˆx, Πˆx) be the covariant operators in
a nonlinear relativistic local detector-field theory. Given the Hamiltonian Hˆ
defined at the initial moment t = t0 in the Minkowski frame, the time evolution
of the operator Θˆµ from t0 to some t1 > t0 can be expressed as
Θˆ[10]µ = Θˆ
[0]
µ +
i
h¯
(t1 − t0)[Hˆ [0], Θˆ[0]µ ] +
1
2
(
i
h¯
(t1 − t0)
)2
[Hˆ [0], [Hˆ [0], Θˆ[0]µ ]] + · · · ,
(B.1)
or
Θˆ[10]µ ≡ ϕν[10]µ Θˆ[0]ν + ϕνσ[10]µ {Θˆ[0]ν , Θˆ[0]σ }+ ϕνσρ[10]µ {Θˆ[0]ν , Θˆ[0]σ , Θˆ[0]ρ }+ · · · . (B.2)
If the operators keep evolving from t1 to some t2 > t1, then one also has
Θˆ[20]µ = ϕ
ν[21]
µ Θˆ
[10]
ν + ϕ
νσ[21]
µ {Θˆ[10]ν , Θˆ[10]σ }+ ϕνσρ[21]µ {Θˆ[10]ν , Θˆ[10]σ , Θˆ[10]ρ }+ · · · ,(B.3)
which is a consequence of the linearity of quantum theory. Here the brace
bracket {Θˆ1, Θˆ2, · · ·} denotes the fully symmetrized ordering of the operators
Θˆ1, Θˆ2, · · ·, the indices µ, ν, ρ, σ = A,A∗, {x}, {x∗}, and DeWitt notation is un-
derstood. The c-number factors ϕνµ(t) are the counterparts of the mode functions
in (9) and (10) in the linear RSG detector theory.
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A general quantum state of the combined system at the moment t in the
(K,∆)-representation can be written as
ρ(K; t) = exp
(
Sµ(t)Kµ + 1
2!
Sµν(t)KµKν + 1
3!
Sµνσ(t)KµKνKσ + · · ·
)
, (B.4)
where (KA,KA∗ ,Kx,Kx∗) ≡ ( i
h¯
KA,− i
h¯
∆A, i
h¯
Kx,− i
h¯
∆x). At t = t1, a mea-
surement on detector A projects the quantum state from ρ(K, t1) to the PMS
ρ˜(K) = ρA(Ka)N
∫
dK˜AdK˜A∗
2πh¯
ρ∗A(K˜a)ρ(K˜a,KX ; t1), (B.5)
where N is the normalization factor, a = A or A∗, and X ∈ {x}∪{x∗}. Starting
with this new initial state, the combined system keeps evolving to the final time-
slice associated with t = t2, where it can be compared with the quantum states
evolving in other reference frames. At t2 the quantum state can again be written
in the general form (B.4), where the factors S [2]µ1,···,µn ≡ Sµ1,···,µn(t2) in ρ(K; t2)
are functions of the 1-, 2-, · · ·, n-point symmetric correlators for the PMS right
after t1 such as
〈{Θˆ[21]µ
1
, Θˆ[21]µ
2
, · · · , Θˆ[21]µ
n
}〉1
=
〈{[
ϕν[21]µ
1
Θˆ[1]ν + ϕ
νσ[21]
µ
1
{Θˆ[1]ν , Θˆ[1]σ }+ · · ·
]
, · · ·
· · · ,
[
ϕν
′[21]
µ
n
Θˆ
[1]
ν′ + ϕ
ν′σ′[21]
µ
n
{Θˆ[1]ν′ , Θˆ[1]σ′ }+ · · ·
]}〉
1
=
{(
ϕν[21]µ
1
δ
δKν + ϕ
νσ[21]
µ
1
δ
δKν
δ
δKσ + · · ·
)
· · ·
· · ·
(
ϕν
′[21]
µ
n
δ
δKν′ + ϕ
ν′σ′[21]
µ
n
δ
δKν′
δ
δKσ′ + · · ·
)
ρ˜(K)
}
K=0
= N
∫
dK˜AdK˜A∗
2πh¯
ρ∗A(K˜a) · ρ(KX = 0, K˜a; t1)
{[
〈Υˆµ
1
:µ
n
〉0+
K˜a
(
〈Υˆµ
1
:µ
n
, Θˆ[10]a 〉0 − 〈Υˆµ
1
:µ
n
〉0〈Θˆ[10]a 〉0
)
+
K˜aK˜b
(
〈Υˆµ
1
:µ
n
, Θˆ[10]a , Θˆ
[10]
b 〉0 − 〈Υˆµ
1
:µ
n
〉0〈Θˆ[10]a , Θˆ[10]b 〉0
−2〈Υˆµ
1
:µ
n
Θˆ[10]a 〉0〈Θˆ[10]b 〉0 + 2〈Υˆµ
1
:µ
n
〉0〈Θˆ[10]a 〉0〈Θˆ[10]b 〉0
)
+
· · ·] ρA(Ka)}Ka=0 (B.6)
with Υˆµ
1
:µ
n
≡ {Υˆµ
1
, Υˆµ
2
, · · · , Υˆµ
n
}, where
Υˆµ ≡ ϕν[21]µ Θ˜ν + ϕνσ[21]µ {Θ˜ν, Θ˜σ}+ ϕνσρ[21]µ {Θ˜ν, Θ˜σ, Θ˜ρ}+ · · · , (B.7)
which looks similar to Θˆ
[20]
µ in (B.3) but now Θ˜X ≡ Θˆ[10]X and Θ˜a ≡ δδKa . From
(B.3) and (B.7), one has
Υˆµ − Θˆ[20]µ = ϕa[21]µ
(
δ
δKa − Θˆ
[10]
a
)
− 2ϕaX[21]µ {Θˆ[10]a , Θˆ[10]X }
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+ϕab[21]µ
(
δ
δKa
δ
δKb + 2Θˆ
[10]
a
δ
δKb − {Θˆ
[10]
a , Θˆ
[10]
b }
)
+ · · · . (B.8)
Comparing (B.1) with (B.2), one can see that the factors ϕ
a1···amX1···Xn[21]
µ with
m,n ≥ 1 vanish whenever Xj 6= z1A(t1) or z1∗A (t1), j = 1, 2, · · · , n, because the
detector-field coupling is spatially local. This implies that no operator defined on
the t1-slice outside of detector A is present on the right hand side of (B.8). Since
Θˆ
[20]
µ is independent of the t1-slice, Υˆµ is independent of the operators on the
t1-slice outside of detector A. Thus 〈{Θˆ[21]µ
1
, Θˆ
[21]
µ
2
, · · · , Θˆ[21]µ
n
}〉1 are independent
of the data on the t1-slice outside of detector A, and so is the quantum state
ρ(K; t2) of the combined system.
References
[1] A. Einstein, B. Podolsky, N. Rosen, Can Quantum-Mechanical Description
of Physical Reality Be Considered Complete? Phys. Rev. 47 (1935) 777.
[2] Y. Aharonov, D. Z. Albert, Can we make sense out of the measurement
process in relativistic quantum mechanics? Phys. Rev. D 24 (1981) 359.
[3] Y. Aharonov, D. Z. Albert, Is the usual notion of time evolution adequate
for quantum-mechanical systems? II. Relativistic considerations, Phys.
Rev. D 29 (1984) 228.
[4] B. Hatfield, Quantum Field Theory of Point Particles and Strings, Addison-
Wesley, Redwood, 1992.
[5] S.-Y. Lin, B. L. Hu, Accelerated detector-quantum field correlations: From
vacuum fluctuations to radiation flux, Phys. Rev. D 73 (2006) 124018.
[6] S.-Y. Lin, B. L. Hu, Backreaction and Unruh Effect: New insights from
exact solutions of uniformly accelerated detectors, Phys. Rev. D 76 (2007)
064008.
[7] W. G. Unruh, Notes on black-hole evaporation, Phys. Rev. D 14 (1976)
870.
[8] B. S. DeWitt, Quantum gravity: the new synthesis, in General Relativity:
an Einstein Centenary Survey, edited by S. W. Hawking and W. Israel,
Cambridge University Press, Cambridge, 1979.
[9] H.-P. Breuer, F. Petruccione, The Theory of Open Quantum Systems, Sec-
tion 11.2, Oxford University Press, Oxford, 2002.
[10] L. Dio´si, Covariant formulation of multiple localized quantum measure-
ments, Phys. Rev. A 43 (1991) 17.
[11] D. J. Raine, D. W. Sciama, P. G. Grove, Does a Uniformly Accelerated
Quantum Oscillator Radiate? Proc. R. Soc. Lond. A 435 (1991) 205.
18
[12] W. G. Unruh, W. H. Zurek, Reduction of a wave packet in quantum Brow-
nian motion, Phys. Rev. D 40 (1989) 1071.
[13] S.-Y. Lin, C.-H. Chou, B. L. Hu, Disentanglement of two harmonic oscil-
lators in relativistic motion, Phys. Rev. D 78 (2008) 125025.
19
